IMPORTANCE Historically, otolaryngologists have focused on nasal resistance to airflow and minimum airspace cross-sectional area as objective measures of nasal obstruction using methods such as rhinomanometry and acoustic rhinometry. However, subjective sensation of nasal patency may be more associated with activation of cold receptors by inspired air than with respiratory effort.
Copyright 2017 American Medical Association. All rights reserved. S everal objective techniques exist to quantify nasal airflow and nasal anatomy, including rhinomanometry, acoustic rhinometry, and peak nasal inspiratory flow. [1] [2] [3] [4] These techniques have been used to demonstrate improved nasal patency in most patients undergoing nasal airway obstruction (NAO) surgery. 5, 6 However, these techniques have not been universally adopted for surgical planning due to low correlation with subjective nasal patency. 7 The development of an objective test with better correlation to subjective nasal patency could improve NAO surgical outcomes by identifying patients who are unlikely to benefit from surgery. Evidence suggests that the main mechanism of nasal airflow sensation is not airflow resistance, but rather mucosal cooling by inspired air. 8 This dissociation between subjective perception of nasal airflow and objective nasal resistance is illustrated by the fact that subjects exposed to menthol vapor report improvement of nasal patency without any changes in nasal resistance. [9] [10] [11] Recently, the menthol-sensitive cold receptors were identified as the transient receptor potential cation channel subfamily M, member 8 (TRPM8). 12 Data suggest that TRPM8 receptors are uniformly distributed on the nasal mucosa. 13, 14 Given that subjective nasal patency has a better correlation with mucosal cooling than airflow resistance, the question arises of how to quantify mucosal cooling reliably and whether an objective test can be developed for NAO surgical planning based on objective measures of mucosal cooling. Recent computational studies demonstrated that it is possible to quantify inspiratory mucosal heat loss using computational fluid dynamics (CFD) simulations in 3-dimensional patientspecific models of the nasal anatomy built from radiologic imaging. [15] [16] [17] [18] These computational studies confirmed that subjective nasal patency correlates better with mucosal heat loss than with nasal resistance to airflow. 16, 18 The CFD technique, however, has some disadvantages, including the high cost of medical imaging, radiation exposure when based on computed tomography, the requirement of an expert operator, and the time delay required to obtain the medical images and run the simulations. To achieve broad applicability in clinical practice, the ideal objective examination would be fast, inexpensive, require minimum patient cooperation, require minimum operator skill, and reliably provide accurate measures of nasal mucosa cooling. The aim of our study was 3-fold. First, nasal mucosal temperature was measured at 2 sites within the anterior nasal cavity of healthy individuals, thus contributing to the sparse literature on this topic. Second, nasal mucosal temperature was recorded during resting breathing vs deep breathing and the results used to test the hypothesis that higher airflow during deep breathing is associated with lower mucosal temperatures. Finally, validated questionnaires were used to quantify subjective nasal patency and the results used to test the hypothesis that subjective nasal patency correlates with nasal mucosal temperature.
Methods

Participants
The Institutional Review Board at the Medical College of Wisconsin approved this study with informed consent obtained from each participant. Twenty-two nonsmoking healthy volunteers (12 men and 10 women; mean [SD] age, 28.3 [7. 0] years) were recruited for this study. A total of 44 nasal cavities were measured (left and right cavities for each participant). Exclusion criteria included history of nasal obstruction, nasal surgery, or smoking, current symptoms of cold or sinus infection, or current fever (defined as oral temperature ≥38.0°C at the time of measurement).
Temperature Sensor
The temperature sensor and measurement protocol were similar to the method described by Lindemann and colleagues. 19, 20 Nasal mucosal temperature was measured with a T-type thermocouple (copper/constantan; range, −200°C to +350°C; sensitivity, 43 μV/°C) with a probe tip outer diameter of 0.33 mm (Measurement Specialties, Inc). The miniaturized thermocouple was connected to an acquisition interface box developed in house that converted the thermocouple voltage to a temperature value. This temperature value was then sent to a laptop computer via USB interface for storage and display via a graphical interface developed in Matlab (MathWorks). The system was verified and calibrated against a laboratory thermometer (Fluke Inc) to less than 0.25°C accuracy in the range of 0°C to 50°C.
Measurement Protocol
All participants were measured with the following protocol. Participants spent 30 minutes acclimating to room air before measurements. During this time, informed consent was completed, medical history was reviewed to assess for exclusion criteria, and participants were administered the Nasal Obstruction Symptom Evaluation (NOSE) and unilateral Visual Analog Scale (VAS) questionnaire to assess subjective perception of nasal patency. Next, the subject was seated in a chair for measurement and a baseline oral temperature was recorded. The miniaturized thermocouple was inserted into the nasal cavity under direct visualization by means of a nasal speculum and a headlight. No decongestants or local anesthetic were applied. The probe was lightly positioned against the septal mucosa and held in place by a trained otolaryngologist to ensure
Key Points
Question Does the sensation of nasal patency correlate with nasal mucosa temperature?
Findings In a cohort of 22 healthy individuals, a statistically significant correlation was found between subjective nasal patency (assessed via Nasal Obstruction Symptom Evaluation and visual analog scale scores) and nasal mucosa temperature. However, this correlation was found in only 1 of 4 sites measured, a discrepancy that is potentially due to mucosal irritation caused by the temperature sensor, limiting the correlation to the first site measured.
Meaning Nasal mucosal temperature may be a key mechanism of nasal airflow sensation. Future studies should use optical temperature sensors to prevent mucosa irritation.
anatomical site and technique consistency between participants. Mucosal temperature was recorded during quiet breathing for 60 seconds at 2 sites on the nasal septum, namely at the nasal vestibule (site 1) and across from the head of the inferior turbinate (site 2) ( Figure 1 ). For site 2, participants were asked to complete 3 deep breathing cycles (inhalation and exhalation) following the initial 60 seconds of quiet breathing. Inhalation rate was not recorded, but greater respiratory effort during deep breathing was verified by audible respiratory sounds. Both nasal cavities were measured, with the right cavity always measured first. Each participant completed measurement in approximately 6 minutes to avoid changes in nasal airflow related to the nasal cycle. Measurements were performed on 4 different days (each participant was measured only once). While mean (SD) room air temperature was consistent on different days (23.6°C [0.3°C]), room air humidity varied slightly among different sessions (35% [15%]).
The end-inspiratory and end-expiratory nasal mucosal temperatures (T insp and T exp ) were defined, respectively, as the minimum and maximum temperatures in each breathing cycle. This definition is based on a previous study by Lindemann and colleagues, 20 who recorded nasal mucosal temperature and chest motion simultaneously and reported that the minimum mucosal temperature coincided with the end of inspiration, while the maximum mucosal temperature coincided with the end of expiration. The last 3 breathing cycles of each 60-second recording were selected for analysis (except when comparing the first 3 breathing cycles vs the last 3 breathing cycles). It was reasoned that analyzing the last 3 breaths during a 60-second recording would help mitigate the effect of awareness of breathing, which has been shown to alter the spontaneous breathing pattern, particularly via prolongation of inspiratory and expiratory times. 21 
Assessment of Subjective Nasal Patency
To assess subjective nasal patency, all participants completed the NOSE, a validated questionnaire that quantifies symptoms of NAO with a score ranging from 0 (no symptoms) to 100 (severe symptoms). [22] [23] [24] Participants also filled out a unilateral VAS evaluation for nasal airflow. Participants were asked to cover 1 nostril and evaluate their ability to breathe through the uncovered nostril on a scale of 0 (completely clear) to 10 (completely obstructed). The VAS score is used primarily to assess instantaneous patency of the nasal airway at the time of measurement, as opposed to the NOSE score, which assesses nasal obstruction over the past month.
Statistical Analysis
Two-tailed paired t tests were used to test whether differences in mucosal temperatures were statistically different. Differences were considered statistically significant for P < .05. The correlation coefficients between subjective scores and mucosal temperature were computed using the Pearson correlation coefficient, while the trend lines were obtained by a least-squares linear regression.
Results
Our sample of 22 healthy individuals had a mean (SD) NOSE score of 5.9 (8.4) (range, 0-30) and unilateral VAS score of 1.2 (1.4) (range, 0-5). NOSE scores correlated with unilateral VAS scores for the right cavity (Pearson r = 0.64; 95% CI, 0.30 to 0.84; P = .001), but not with VAS scores for the left cavity (Pearson r = 0.18; 95% CI, −0.26 to 0.56; P = .43).
Measurements of nasal mucosal temperature were successfully completed in all participants. Two participants demonstrated substantial discomfort with the miniaturized thermocouple with frequent sneezes, but the majority of participants did not sneeze during the measurement protocol. Nasal mucosal temperature displayed a cyclical pattern with lower temperatures during inspiration and higher temperatures during expiration (Figure 2A) . End-expiratory temperature was significantly higher than end-inspiratory temperature at all sites For measurements at site 2, participants were requested to perform 3 deep breaths after 60 seconds of recording atrest breathing (Figure 2A) . During deep breaths, the mean (SD) temperature variation between end-inspiration and endexpiration increased (6.2°C [2.6°C] during deep breathing vs 4.2°C [2.3°C] during resting breathing; P < .001) ( Figure 2B These results confirm our hypothesis that higher airflow during deep breathing is associated with lower inspiratory mucosal temperatures.
Our data suggest that insertion of the miniaturized thermocouple into the nasal cavity led to an increase in the nasal mucosal temperature in several participants. In 11 participants, nasal mucosal temperature showed a clear increasing trend during the 60 seconds of recording in at least 1 of the 4 measurement sites ( Figure 4A ). This trend of increasing temperature was observed more often at site 1 than at site 2. Comparing the mean end-inspiratory temperature during the first 3 breaths vs last 3 breaths revealed a statistically significant increase in nasal mucosal temperature during the 60 seconds of recording at site 1 in the left cavity, but not at any other location ( Figure 4B ). Because temperature measurements were consistently performed first on the right cavity, followed by measurements on the left cavity, a comparison of mucosal temperatures on the 2 cavities provides an opportunity to test whether the miniaturized thermocouple elicited a thermal response in the nasal mucosa. Both the endinspiratory and end-expiratory mucosal temperatures were approximately 1.5°C higher in the left cavity as compared with the right cavity (mean [SD] (ΔT insp ) left-right = 1.5°C [3.4°C], P = .004; (ΔT exp ) left-right = 1.4°C [1.7°C], P < .001), but there was no statistically significant difference in the range of temperature oscillations during the breathing cycle between the 2 cavities (mean [SD] = −0.1°C [3.5°C]; P = .84). Altogether, these observations imply that nasal mucosal temperature increased during the course of the experiments in several participants. This temperature increase affected both the end-inspiratory and end-expiratory mucosal temperatures but not the mean expiratory-to-inspiratory temperature difference ΔT exp-insp . Copyright 2017 American Medical Association. All rights reserved.
Correlation analysis comparing subjective nasal patency scores to mucosal temperature was performed at all sites ( Figure 5 ). The range of nasal mucosal temperature oscillations measured at the right vestibule had a statistically significant correlation with both right-side VAS score (Pearson r = −0.55; 95% CI, −0.79 to −0.17; P = .008) and NOSE score (Pearson r = −0.47; 95% CI, −0.74 to −0.06; P = .03). No other statistically significant correlations were found between nasal mucosa temperature oscillations and subjective patency scores ( Figure 5 ).
Discussion
Currently, the benchmark objective measure of nasal patency is nasal resistance obtained via rhinomanometry. 25 However, there is growing evidence that the primary physiologic mechanism of nasal airflow sensation is nasal mucosal cooling, rather than airflow resistance. 8, 16, 17, 26 Given that objective measures of nasal resistance are rarely used in clinical decision making due to their inconsistent correlation with subjective nasal patency, 7 greater understanding of the physiologic mechanism of nasal airflow sensation is needed. Unlike core body temperature, which is fixed at 37°C, the temperature of the nasal mucosa is dynamic. It oscillates within each breathing cycle around an average temperature that is determined by various factors, including ambient air temperature and humidity, 27-30 nasal infection, 31,32 body posture, 33 and age, 34 among other factors. 35, 36 Lindeman and colleagues 20 measured the nasal mucosal temperature on the nasal septum using a miniaturized thermocouple in 15 healthy individuals and reported a mean (SD) end-inspiratory temperature of 30.2°C (1.7°C) and an end-expiratory temperature of 32.5 (1.1°C) in the nasal valve area. Their results, which were obtained under similar mean (SD) room temperature (25°C [1°C]) and relative humidity (30% [4%]) as in our study, are generally consistent with our results (Figure 3) . In a subsequent publication, Lindemann and colleagues 19 reported that nasal mucosal temperature correlates strongly with inhalation rate measured via rhinomanometry. A correlation between nasal mucosal temperature and inhalation rate was also reported by Willatt. 30 Although these studies quantified nasal mucosal temperature under different conditions, the role of nasal mucosal temperature in sensation of nasal airflow remains poorly understood.
Given that nasal mucosal temperature may be the primary mechanism of nasal airflow sensation, we hypothesize that the symptom of nasal obstruction is associated with an abnormally high mucosal temperature in patients with NAO. However, to the best of our knowledge, this hypothesis has never been tested by direct measurements of nasal mucosal temperature in patients with NAO vs healthy individuals. Using CFD models, our group demonstrated that nasal patency scores correlate with mucosal heat loss in a cohort of surgical patients with NAO. 16, 17 A similar correlation between subjective ord blood flow in nasal vessels in 30 allergic patients and 30 healthy controls during a nasal allergen provocation test. They reported that allergen exposure led to an increase in blood flow with a 3-minute delay, which correlated with increased sensation of nasal congestion. We speculate that increased blood flow in nasal vessels increases the temperature of the nasal mucosa, thus contributing to the sensation of nasal congestion elicited by allergen exposure. To our knowledge, the only previous study that correlated in vivo measurements of nasal mucosal temperature to subjective scores of nasal patency was performed by Willatt and Jones.
37 These researchers measured nasal mucosal temperature with a noncontact infrared sensor and reported a statistically significant correlation between mucosal temperature and VAS scores. In our study, the correlation between subjective nasal patency scores and nasal mucosal temperature was inconsistent. A statistically significant correlation was found between both NOSE and VAS with ΔT exp-insp measured on the right vestibule, but this correlation was not found in any other site ( Figure 5 ). There are several possible explanations for these inconsistent results. One possibility is that the miniaturized thermocouple irritated the nasal mucosa, eliciting a thermal response (Figure 4) , thus confounding the correlation between mucosal temperature and subjective scores. The fact that the right vestibule was the first site to be measured in all patients is consistent with this hypothesis because measurements at this site would be the least affected by the consequences of mucosal irritation. However, the mean difference between endinspiratory and end-expiratory temperatures was not significantly affected by mucosal irritation, suggesting that other factors may be at play. Another possibility is that the NOSE and VAS scores, although universally used in the literature, are imperfect measures of subjective nasal patency. In our study, more than half of participants (12 of 22) had a NOSE score of 0, while 6 of 22 participants reported a VAS score of 0 for both cavities. This cluster of zero-valued scores would reduce the correlation with any objective measure of nasal patency. In addition, the lack of correlation between NOSE scores and left-side VAS scores in our study suggests that these questionnaire-based scores are noisy, particularly at the low obstruction levels seen in healthy individuals. 7 For future studies, a better strategy would be to quantify nasal mucosal temperature before and after an intervention, such as nasal surgery or exposure to cold air. An intervention provides an anchor for the subjective sensation of nasal patency, 26 which may improve the correlation between subjective patency scores and objective measures of nasal airflow.
Limitations
A potential limitation of our study, and other studies using contact temperature sensors, was the observation of nasal mucosa irritation. Measurements were always carried out first on the right cavity, followed by the left cavity, and mucosal temperatures were significantly higher on the left cavity. In some cases, a gradual increase in the mean temperature was clearly observed over the course of measurement ( Figure 4A ). Operator discomfort in holding the temperature sensor at a fixed point over an extended period of measurement sometimes led to variations in the pressure imposed on the sensor, thus contributing to mucosal irritation. It is possible that some participants suppressed their breathing as they tried to ignore the irritating stimulus. Although Lindemann and coauthors 20 stated that mucosal irritation was not observed in their study, mucosal irritation with concomitant increase in nasal mucosal temperature was observed in other studies using contact temperature sensors. 30,31 Thus,
we suggest that future studies should consider noncontact sensors for recording nasal mucosal temperature.
30,37
Another limitation of our study is that mucosal swelling was not tracked. It is possible that, by irritating the nasal mucosa, the temperature sensor caused mucosal swelling, affecting the airflow rate. Future studies should consider investigating changes in nasal mucosal temperature during the nasal cycle. In theory, nasal mucosal temperature is lower in the decongested side, where airflow is higher. Thus, one should expect oscillations in nasal mucosal temperature in synchrony with the nasal cycle.
Conclusions
More investigation is needed into the temperature dynamics of the nasal mucosa and its role in nasal airflow sensation. This study confirms that a higher inhalation rate during deep breathing is associated with lower end-inspiratory nasal mucosal temperature. This quantitative observation is consistent with the common experience that airflow sensation is enhanced during deep breaths, thus supporting the hypothesis that mucosal cooling plays a central role in nasal airflow sensation. However, the correlation between nasal patency scores and mucosal temperature was inconsistent and likely confounded by the miniaturized thermocouple irritating the mucosa. Our observations suggest that 2 strategies could be used in future studies to clarify the role of nasal mucosal temperature in subjective nasal patency, namely, (1) noncontact temperature sensors can be used to prevent mucosa irritation and (2) nasal mucosal temperature can be measured before and after an intervention, such as nasal surgery or exposure to cold air. A better understanding of the physiologic mechanism of nasal airflow sensation could lead to more accurate objective methods to assess nasal patency and eventually to better outcomes for NAO surgery. [38] [39] [40] 
